The clinical history and neurological examination provide the most important data on which the diagnosis of autoimmune myasthenia gravis (MG) is based. MG produces symptomatic weakness that predominates in certain muscle groups and typically fluctuates in response to effort and rest. The diagnosis of MG therefore depends on the recognition of this distinctive pattern of fatigable weakness. Laboratory confirmation of the clinical diagnosis may be obtained using pharmacological, electrophysiological, and serological (immunological) tests. This article reviews the tests used to confirm the diagnosis of MG.
PHYSIOLOGY OF NEUROMUSCULAR TRANSMISSION
Depolarization of the nerve terminal results in the opening of voltage-gated calcium channels. The subsequent influx of calcium into the nerve terminal causes synaptic vesicles containing acetylcholine (ACh) to fuse with the plasma membrane and release their contents into the synaptic space by exocytosis. Acetylcholine diffuses across the synaptic space and interacts with a specific ACh receptor (AChR) protein on the external surface of the muscle plasma membrane of the motor end plate. The combination of ACh with its receptor increases the conductance of the postjunctional membrane to cations, resulting in a transient depolarization of the end-plate region. This transient depolarization is called the end-plate potential (EPP) . If the EPP is of sufficient magnitude, a muscle fiber action potential is generated. The difference between the EPP amplitude and the depolarization required for generation of a muscle action potential is referred to as the ''safety factor of neuromuscular transmission.''
The EPP is transient because the action of ACh is ended by its hydrolysis to choline and acetate by the enzyme acetylcholinesterase (AChase), which is present in high concentrations at the postsynaptic membrane. After the end-plate region is depolarized, adjacent regions of the muscle cell membrane are depolarized by electrotonic conduction. When these regions reach threshold, action potentials are generated that are propagated along the muscle fiber at high velocities, initiating the chain of events that lead to muscle contraction.
Muscle-specific tyrosine receptor kinase (MuSK) is an enzyme on the receptor region of the muscle membrane that is essential in aggregating AChRs in the developing muscle. Muscle-specific tyrosine receptor kinase is activated by nerve-released agrin. Its role in mature muscle is not yet clear, but antibodies to MuSK have been demonstrated in 40% of patients with generalized acquired MG who do not have antibodies to the AChR.
PHARMACOLOGICAL TESTING
Clinical observation of the response to administration of pharmacological agents that affect neuromuscular transmission forms the basis for several diagnostic tests.
These include tests that demonstrate improved strength induced by agents that enhance neuromuscular transmission (e.g., edrophonium, pyridostigmine) or an exaggerated response to agents that block the neuromuscular junction (e.g., curare). With the development of sensitive electrophysiological tests, the latter are no longer routinely used.
Edrophonium Chloride (Tensilon) Test
The use of edrophonium chloride (Tensilon) as a diagnostic test for MG was described in 1952. 1 Its rapid onset (30 seconds) and short duration of effect ( 5 minutes) make it an ideal agent for this purpose. By inhibiting the normal action of AChase, edrophonium chloride and other cholinesterase inhibitors allow ACh molecules to diffuse more widely throughout the synaptic cleft and to interact with AChRs sequentially, resulting in a larger and longer EPP. 2 The dose of edrophonium that will produce improvement varies among patients and cannot be predicted in advance. A dose that is too high may exacerbate weakness in patients with abnormal neuromuscular transmission. For this reason, edrophonium is administered in incremental doses, beginning with a test dose of 2 mg, followed by doses of 3 and 5 mg. Atropine (0.6 mg intramuscularly or intravenously) should be available to counter possible muscarinic side effects, although the dose of edrophonium typically needed to diagnose MG is rarely more than 5 mg and unlikely to cause significant problems. Bronchial asthma and cardiac dysrhythmias are relative contraindications for edrophonium testing. Resolution of eyelid ptosis or improvement in strength of at least one paretic extraocular muscle are the most reliable end points. Although widely used and generally accepted, the edrophonium test is neither absolutely sensitive nor specific for MG. [3] [4] [5] [6] It is limited by the dependence on patient effort to give maximal exertion both before and after the drug is administered. For this reason, diagnostic sensitivity and specificity are acceptable only in patients with clear-cut weakness in muscles that can be assessed in a serial and objective manner (i.e., ptosis or ophthalmoparesis).
Other Cholinesterase Inhibitors
Some patients with MG do not improve after administration of edrophonium, but respond to neostigmine methylsulfate or Prostigmin. 7, 8 The onset of action after an intramuscular dose is 5 to 15 minutes, and the clinical effects last from 2.5 to 4 hours. This longer duration of action compared with edrophonium is potentially useful in the evaluation of children. However, the reliability of the selected end point is often questionable in the interpretation of diagnostic trials using longer-acting cholinesterase inhibitors, and this severely limits their diagnostic value. Similarly, administration of oral pyridostigmine (Mestinon) as a therapeutic trial may demonstrate a subjective beneficial effect on muscle strength and fatigability that is not apparent after a single dose of edrophonium. Once again, caution is recommended in interpreting these trials as they rely largely on the patient's subjective observations.
ELECTROPHYSIOLOGICAL TESTING
Electrophysiological studies are performed in patients with suspected MG to confirm a defect in neuromuscular transmission and also to exclude other diseases of the motor unit that may confound or contribute to the clinical findings. The two principal electrophysiological tests used to confirm a defect in neuromuscular transmission are repetitive nerve stimulation (RNS) studies and single-fiber electromyography (SFEMG).
Repetitive Nerve Stimulation RNS is the most commonly used electrophysiological test of neuromuscular transmission. In this technique, a peripheral nerve is stimulated supramaximally and the compound muscle action potential (CMAP) is recorded. The CMAP is recorded with a surface electrode placed over the motor point of the muscle and a reference recording electrode placed on a distal point where minimal electrical activity is recorded, usually a tendon or bony prominence. Repetitive nerve stimulation serves to ''stress'' motor end plates with marginal safety factors by depleting the store of readily releasable synaptic vesicles. In clinical practice, a train of 5 to 10 stimuli is delivered at a rate of 2 to 3 Hz. This rate is effective for this purpose because it normally results in a sequential decrease in the amount of ACh released from the nerve terminal. This phenomenon becomes crucial in myasthenic end plates when the EPP drops below threshold. As the EPP drops below threshold for muscle fiber activation in an increasing number of end plates, the number of muscle fibers contributing to the CMAP declines and the resulting CMAP is reduced in amplitude and area (decremental response) (Fig. 1B) .
Fast rates of stimulation (>10 Hz) in patients with neuromuscular junction disease may produce an increase in CMAP amplitude due to buildup of calcium in the nerve terminal and the resulting facilitated release of ACh (posttetanic facilitation). This occurs only in diseased end plates as normally all EPPs result in muscle fiber action potential generation, and the facilitated release of added ACh is of no consequence. In normal or abnormal end plates, a rapid rate of stimulation may result in an increased CMAP amplitude by increasing synchronization of the action potential velocities in the tested muscle fibers 9 or by hyperpolarization of the muscle fiber membrane from increased Na þ -K þ pumping. 10 This produces a CMAP of increased amplitude but decreased duration (the negative peak area is essentially unchanged). This phenomenon is called ''pseudofacilitation'' and is not indicative of neuromuscular junction disease but may mask a decrement. In repetitive nerve stimulation testing, the decrement is defined as the percentage of change between the amplitude or area of the fourth, fifth, or lowest potential (usually the fourth) compared with the first potential. The area is a more accurate measure of the number of muscle fibers contributing to the CMAP and is usually not affected by pseudofacilitation. However, area measurements are affected by the G2 electrode, repolarization, and muscle fiber fatigue and are markedly dependent on filter settings. In most cases, the results from area and amplitude measurements are concordant. Any discrepancy should lead to a search for technical problems.
A decrement greater than 10% is considered abnormal. However, the criteria for abnormality will vary to some degree between laboratories. The following technical considerations are useful to maximize diagnostic sensitivity and prevent artifactual changes:
1. Reproducibility. The same decrement should be acquired on repeat testing after a period of rest. The muscle should be rested for at least 30 seconds between trials. The average decrement after three trials may be reported and is often more accurate than the measurement after a single trial. Widely varying measurements from one trial to another are an indication of poor technique or may be caused by incomplete muscle relaxation. 2. Response (envelope) pattern. Movement of the stimulating or recording electrodes, or the muscle itself, may produce irregular patterns of change in CMAP size and configuration during repetitive stimulation.
It is important to recognize these patterns as not conforming to those expected in disease of the neuromuscular junction. Stimulating and recording electrodes and the appropriate joints should be stabilized to minimize these artifactual changes. 3. Muscle temperature. The decremental response in endplate diseases is less when the muscle is cool. 11 Hand or foot muscles should be warmed to at least 36 C to ensure the maximum diagnostic sensitivity. 4. AChase medications may mask a decrement and should be stopped at least 12 hours prior to the study. Caution is required in certain patients who are dependent on these medications, as this may produce a disease exacerbation.
The typical pattern seen with repetitive nerve stimulation at 2 to 3 Hz in a patient with MG is a progressive decrement of the second through the fourth or fifth response with some return toward the initial CMAP size during the subsequent responses to a train of stimuli, the so-called ''U-shaped pattern'' (Fig. 1) . Voluntary activation of the tested muscle by sustained contraction for 30 to 60 seconds or longer often produces characteristic repetitive nerve stimulation findings in patients with postsynaptic disorders such as MG. Immediately after activation of a muscle in a patient with MG, there may be a modest increase in the size of the baseline CMAP and a ''repair of the decrement'' (Fig. 1D) . After 2 to 5 minutes, a worsening of the decremental response compared with preexercise values or postactivation exhaustion (PAE) is seen (Fig. 1E) . In some muscles, particularly in patients with mild disease, an abnormal decrement may be seen only during the PAE stage.
Repetitive nerve stimulation studies demonstrate an abnormal decrement in an extremity muscle (hand or shoulder) in only 60% of patients with MG, being more sensitive in generalized disease. Repetitive nerve stimulation is more likely to be abnormal in a proximal or facial muscle in patients with MG, 9 and multiple muscles should be tested to obtain the maximal diagnostic yield. A list of commonly tested nerves and the advantages and disadvantages of each is given in Table 1 .
The ulnar, median, and musculocutaneous nerves are useful if the patient's symptoms are most prominent in the extremities. When signs and symptoms are limited to ocular or bulbar muscles, it is not unusual for RNS studies to be completely normal if only extremity muscles are tested. The yield may be improved by testing facial muscles or the masseter, particularly in patients with purely ocular or oculobulbar weakness. 12 Most laboratories consider that a complete evaluation for neuromuscular junction disease includes repetitive nerve stimulation testing of at least three muscles. A reproducible decrement of greater than 10% in two muscles constitutes a definite electrodiagnosis of a primary defect in neuromuscular transmission, as long as primary disorders of nerve and muscle are excluded. Patients with neuropathic disease, particularly when associated with active denervation/reinnervation (e.g., amyotrophic lateral sclerosis) may have an abnormal decrement on RNS testing. 13 Once a proximal or facial muscle is tested and is negative in a patient with predominantly oculobulbar symptoms, it is reasonable to proceed directly to SFEMG. SFEMG SFEMG is a selective recording technique in which a specially constructed concentric needle is used to identify and record action potentials from individual muscle fibers. SFEMG is the most sensitive clinical test for detection of a defect in neuromuscular transmission. Its sensitivity allows for demonstration of abnormalities in clinically unaffected muscles. 14 When the motor nerve is stimulated or activated voluntarily, the latency from nerve activation to muscle action potential varies from discharge to discharge. This variation is the neuromuscular jitter and is produced by fluctuations in the time it takes for the EPP at the neuromuscular junction to reach the threshold for action potential generation. These fluctuations are in turn due to the normally varying amount of ACh released from the nerve terminal after a nerve impulse. A small amount of jitter is seen in normal muscles due to this phenomenon. An increase in the magnitude of this jitter is the most sensitive electrophysiological sign of a defect in neuromuscular transmission. When the defect in neuromuscular transmission is more severe, some nerve impulses fail to elicit action potentials and SFEMG recordings demonstrate intermittent impulse blocking. SFEMG recordings demonstrate this as an intermittent absence of one or more single muscle fiber action potentials on consecutive firings (Fig. 2) .
SFEMG studies can be performed during either mild voluntary activation of the muscle under study or with axonal microstimulation. Jitter measurements performed during voluntary activation of the muscle are less subject to technical problems but are more dependent on patient cooperation. As the patient minimally contracts the muscle under study, the examiner positions the recording electrode to record two or more time-locked action potentials. A constant recording position is maintained until at least 50 discharges are recorded (Fig. 3) . At least 20 potential pairs from different areas in the muscle should be sampled, taking care not to measure the same pair of potentials more than once. Jitter is measured as the variation in the time interval between the two action potentials in the pair (interpotential interval) and represents the combined jitter in two end plates.
In jitter studies performed with axonal microstimulation, action potentials from single muscle fibers are recorded during stimulation of motor nerve fibers with a monopolar needle inserted near the nerve. 15 The stimulus to response interval is determined for a series of 50 to 100 stimulations, and the variability of these intervals is a measure of the jitter in a single end plate. This technique is prone to several pitfalls and misinterpretations but is useful when patients cannot sustain muscle contraction. 16 Jitter is calculated as the mean difference between consecutive interpotential intervals (or stimulus response intervals).The mean jitter of all fiber pairs or end plates, the percentage with normal jitter, abnormal jitter, and Figure 2 Method of single-fiber electromyography with voluntary activation. The single-fiber needle is inserted into voluntarily activated muscle and is positioned so that recordings are obtained from two or more single muscle fibers belonging to the same motor unit. One single muscle fiber action potential serves as a time reference and the interpotential interval (IPI) is measured after consecutive discharges between the reference potential and subsequent time-locked potentials. In disorders of the neuromuscular junction, there may be marked variability of the IPI (abnormal jitter). If severe, neuromuscular transmission failure may occur in which the EPP amplitude fails to reach the threshold for action potential generation. This is demonstrated here by the absence of the second recorded fiber pair when the EPP in the second muscle fiber (EPP 2 ) is subthreshold (dotted lines and arrows).
impulse blocking are calculated and reported for each muscle tested. A study is abnormal if the mean jitter of all fiber pairs (or end plates) exceeds the upper limit of normal for that muscle, or if more than 10% of pairs or end plates have jitter that exceeds the upper limit of normal for jitter in that muscle. Reference values for jitter during voluntary activation have been determined for several muscles in a multicenter collaborative study. 17 Normal jitter values for axonal stimulation studies have been determined for some muscles. 18 For other muscles, the normal values for stimulated jitter can be calculated by dividing the values for voluntarily activated jitter by 1.4. SFEMG demonstrates increased jitter in virtually all patients with MG if appropriate muscles are tested. Jitter is greatest in weak muscles but is usually increased even in muscles with normal strength. A list of frequently tested muscles is given in Table 2 . Facial muscles are often more abnormal than limb muscles in most MG patients, and it may be necessary to test several muscles Sensitivity not established, false-positive result a concern as often involved in root/peripheral nerve disease SFEMG, single-fiber electromyography; EDC, extensor digitorum communis; TA, tibialis anterior.
to demonstrate abnormal jitter in patients with mild or purely ocular weakness. The finding of normal jitter in a clinically weak muscle essentially rules out a defect in neuromuscular transmission as a cause for the weakness.
It is important to understand that the enhanced sensitivity of SFEMG comes at the price of reduced specificity. Jitter may be increased in primary nerve or even muscle disease, and these disorders must be excluded by the appropriate electrophysiological and clinical examinations before concluding that the patient has MG.
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SEROLOGICAL (IMMUNOLOGICAL) TESTING
Anti-AChR Antibodies Antibodies to the AChR and their effects on AChR number and function are generally regarded as the most specific diagnostic markers for MG. Antibodies binding to the AChR are present in 85% of patients with MG as measured by the conventional radioimmunoprecipitation assay. 21, 22 The serum level of AChR binding antibodies varies widely among patients with similar degrees of weakness. The concentration of antibodies may be low at symptom onset and become elevated later; thus, repeat testing may be appropriate when initial values are normal. Normal AChR binding antibody concentrations do not exclude the diagnosis, even in generalized MG. Virtually all MG patients with thymoma will have elevated AChR binding antibodies. The diagnostic specificity for MG is quite good, although increased titers may rarely be found in autoimmune liver disease, systemic lupus, inflammatory neuropathies, amyotrophic lateral sclerosis, as well as in patients with thymoma without MG, in first-degree relatives of patients with acquired autoimmune MG, and in patients with Lambert-Eaton myasthenic syndrome. 23 AChR modulating antibodies bind to exposed segments of the AChR on skeletal muscle membranes. 24 Elevated levels of these antibodies are typically found in generalized MG and MG associated with thymoma, but are most useful when the AChR binding assay is negative, which occurs in 3 to 4% of patients. 24 AChR blocking antibodies bind at or near the neurotransmitter binding site on the skeletal muscle AChR and are detectable by a modified immunoprecipitation assay. 24 They are found in only 1% of MG patients without AChR binding antibodies, making them of limited diagnostic utility.
Antibodies to Striated Muscle or Striational Autoantibodies
Antibodies to striated muscle (StrAb) were the first autoantibody discovered in MG. 23 They are reactive with contractile elements of skeletal muscle. They are elevated in 30% of all adult-onset MG and are highly associated with thymoma, being positive in 80% of MG patients with thymoma and 24% of patients with thymoma without MG. 23, 25 The absence of StrAbs does not exclude thymoma, and their presence is not absolutely indicative of thymoma, particularly in elderly patients. 23 Antibodies to striated muscle are most useful as a marker of thymoma in patients with MG onset before age 40. Antibodies to striated muscle may also be a valuable marker in middle-aged or elderly patients with mild MG, where they can be the only serological abnormality. False-positives rarely occur in patients with rheumatoid arthritis who are treated with penicillamine, in 3 to 5% of patients with Lambert-Eaton myasthenic syndrome, and in recipients of bone marrow allografts with graft-versus-host disease. 23 Antibodies to Other Skeletal Muscle Proteins Some patients with MG have antibodies directed against skeletal muscle antigens in addition to the AChR. Antibodies to the intracellular striated muscle protein titin and antibodies to the ryanodine receptor may be found in MG patients with thymoma and in a proportion of patients with late-onset MG. Approximately 95% of MG patients with thymoma have titin antibodies, but so do 50% of patients with late-onset nonthymomatous MG. 26 Ryanodine antibodies are found in 75% of MG patients with thymoma but are more specific and are often associated with the presence of a malignant thymoma. 26 The role of these antibodies in disease pathogenesis has not been determined, although patients with titin and/or ryanodine antibodies tend to have more severe disease and may be less responsive to treatment. Therefore, the presence of these antibodies may potentially be useful in assessing disease prognosis and treatment.
''Seronegative MG'' It is becoming more apparent that patients with ''seronegative'' generalized MG (SNMG) have distinctive forms of disease compared with AChR antibodypositive MG. A proportion of patients with generalized SNMG have been found to have immunoglobulin G antibodies to the MuSK, a neuromuscular junction protein that plays an important role in the clustering of AChRs. MuSK antibodies have been reported in 38 to 71% of patients with generalized SNMG 27-29 but have not been found in AChR antibody-positive or ocular MG. More recent studies indicate that the true incidence is probably on the order of 40 to 50% of AChR antibody-negative, generalized MG patients. MuSKpositive patients may have atypical presentations characterized by prominent facial, bulbar, neck, shoulder, and respiratory muscle involvement with relative sparing of ocular muscles. In many of these patients, abnormal neuromuscular transmission was preferentially demonstrated by RNS or SFEMG testing of weak muscles, particularly those with weakness restricted to facial or shoulder muscles. They frequently do not respond to cholinesterase inhibitors but improve with plasma exchange and selected immunotherapy. 29 MuSK antibodies may alter the normal maintenance of a high density of AChRs at the neuromuscular junction, but the confirmation and mechanism of their pathogenic effect has not been demonstrated. Studies in SNMG patients without MuSK antibodies indicate that their plasma reduces AChR function in cell culture assays. 21 The mechanism of this action and the circulating factor(s) responsible for this effect remain to be defined.
COMPARISON OF DIAGNOSTIC TESTS
The edrophonium (Tensilon) test is readily accessible, easy to perform, and abnormal in most patients with MG who have ptosis or ophthalmoparesis. Unfortunately, the results are not entirely objective and a positive test should be confirmed by more objective means (electrophysiological or serological testing). RNS is the least sensitive of the diagnostic techniques, but has the advantage of being widely available and relatively simple to perform. Although SFEMG is clearly the most sensitive technique, it requires special equipment and training and is time-and labor-intensive. It also detects neuromuscular transmission abnormalities in primary disorders of nerve and muscle, and these must be excluded before a diagnosis of MG is made. SFEMG is most valuable in patients with mild or purely ocular or oculobulbar disease, particularly when immunological tests are negative. It is also valuable in excluding a disorder of neuromuscular transmission, as the finding of normal jitter in a weak muscle indicates the weakness is not due to a defect in neuromuscular transmission. Currently, detection of elevated levels of AChR binding antibodies is the most specific test for MG, although levels are normal in up to 15% of patients. A proportion of MG patients with AChR antibody-negative, generalized disease may have detectable MuSK antibodies. The sensitivity of the various diagnostic tests in MG 30 is shown in Table 3 .
DIAGNOSTIC APPROACH
Once the clinical diagnosis of MG is made, blood samples for AChR binding antibodies and striational antibodies should be obtained. The latter is obtained mainly to increase diagnostic yield in late-onset MG and to assess for thymoma in younger patients. In most cases, these tests will require up to 10 days for results to become available. A provisional diagnosis may be made using the edrophonium test if the patient has clear eyelid ptosis or ophthalmoparesis that can be serially followed. Electrophysiological testing offers the opportunity to make a more definitive diagnosis. Patients with generalized MG, particularly with limb weakness, may be evaluated using RNS studies, which should optimally be performed in a weak muscle. Once a proximal or facial muscle is negative, it is reasonable to proceed to SFEMG. In patients without clinical limb weakness, initial evaluation with SFEMG is appropriate. Once the diagnosis is confirmed by either electrophysiological or serological testing, computed tomography (CT) of the chest should be obtained to rule out the presence of an underlying thymoma. Titin and/or ryanodine antibodies may be useful in predicting the presence of thymoma in certain cases, but the added yield compared with a chest CT is questionable. MG patients with generalized disease who do not have AChR antibodies should be tested for MuSK antibodies, particularly if their clinical presentation is atypical. 
